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$=- \frac{\partial\overline{P}}{\partial x_{\dot{\iota}}}+\frac{1}{Re}\frac{\partial^{2}\overline{U}}{\partial x_{j}\partial x_{j}}.\cdot-\mathrm{j}\partial\tau_{j}\partial x_{j}$ (2)
$\frac{\partial\overline{\Gamma}}{\partial t}.\cdot+\overline{U_{j}}\frac{\partial\overline{\Gamma}}{\partial x_{j}}.\cdot=\frac{1}{ReSc}\frac{\partial^{2}\overline{\Gamma}}{\partial x_{\mathrm{j}}\partial x_{j}}\dot{.}-\frac{\partial q_{j}}{\partial x_{j}}\dot{.}+\overline{\omega}$ (3)
(2), (3) $\tau_{1\mathrm{j}}$. $q_{j}.\cdot$ SGS , SGS
, .
\mbox{\boldmath $\tau$} $=\overline{U_{-}U_{j}}-\overline{U_{1}.}\overline{U_{j}}$ (4)
$q_{j}=\overline{\Gamma.\cdot U_{j}}-\overline{\Gamma_{1}.}\overline{U_{j}}$ (5)
, (3) $\overline{\omega}$ ,
.
$\overline{\omega}=Da\overline{\Gamma_{A}\Gamma_{B}}$ (6)
, Da$(= kLC_{A0}/U_{ave})$ . (4) $\sim(6)$
SGS , SGS . SGS
SGS Smagorinsky 1) Dynamic Subgrid-scale





, , $\tau_{\mathrm{c}}$ $\tau_{t}$
$(\tau_{c}\ll\tau_{t})$ , LES $\Delta t$ $\tau_{\mathrm{c}}$ ( $\tau_{\mathrm{c}}=1.0\cross 10^{-9}\mathrm{s}$ )
. ,
, (3) .
, Cook 6) $Z$ (conserved scalar) ,
$\mathrm{G}\mathrm{S}$ .
$(A+Barrow P)$ , $Z$ .
$Z=\Gamma_{A}-\Gamma_{B}$ (7)
, $\mathrm{Z}$ $\zeta$ .
$\zeta=\frac{Z-Z_{B0}}{Z_{A0}-Z_{B0}}$ $(0\leq\zeta\leq 1)$ (8)
, $Z_{A0}$ $Z_{B0}$ $A$
$(ZA0=\Gamma A0)$ , $B$ $Z$ $(Z_{B0}=-\Gamma_{B0})$ .
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$\frac{\partial\overline{\zeta}}{\partial t}+\overline{U_{j}}\frac{\partial\overline{\zeta}}{\partial x_{j}}=\frac{1}{ReSc}\frac{\partial^{2}\overline{\zeta}}{\partial x_{j}\partial x_{j}}-\frac{\partial q_{j}}{\partial x_{j}}$ (9)
$A$ $B$
$\mathrm{A}\mathrm{a}$ $\mathrm{A}\mathrm{a}$














, (9) , LES $\zeta$
$\mathrm{i}$
$\mathrm{A}\mathrm{a}$ . ,
(9) $\overline{\zeta}$ ($=\overline{\zeta}$ (10)\sim (12) , SGS
LES .
, SGS $\zeta$ , SGS $P(\zeta)$ \mbox{\boldmath $\nu$}‘
SGS 6).
$\overline{\Gamma_{i}}=\int_{0}^{1}\Gamma_{i}(\zeta)P(\zeta)d\zeta$ (14)
$\Gamma_{i}(\zeta)$ (10)\sim (12) , $P(\zeta)$ $\beta$-PDF .
$P( \zeta)=\frac{\zeta^{a-1}(1-\zeta)^{b-1}}{B(a,b)}$ (15)
,
$a= \overline{\zeta}(\frac{\overline\zeta(1-\overline{\zeta})}{\overline{\zeta^{\prime 2}}}-1)$ $b=(a/\overline{\zeta})-a$
$B(a, b)= \int_{0}^{1}\zeta^{a-1}(1-\zeta)^{b-1}d\zeta$
, (15) $\beta$-PDF , LES $\mathrm{A}\mathrm{a}$ SGS
$\overline{\zeta^{\prime 2}}$ . , LES (
) $\overline{\Delta}(=2\overline{\Delta})$ $\text{ }$ \epsilon
$\overline{\zeta^{\prime 2}}$ , SGS $\overline{\zeta^{2}’}$ $\overline{\zeta^{\prime 2}}$
.
$\overline{\zeta^{\prime 2}}\approx c_{f}\overline{\zeta^{\prime 2}}=c_{f}(\overline{\overline{\zeta}^{2}}-\zeta^{2})\simeq$ (16)




3.2 $\oplus \mathrm{R}1_{-}^{-}\not\in 1\backslash \varpi\hslash$
$Da\overline{\Gamma_{A}\Gamma_{B}}$ 2 .
$Da\overline{\Gamma_{A}\Gamma_{B}}=Da(\overline{\Gamma_{A}}\overline{\Gamma_{B}}+\overline{\mathrm{Y}_{A}\mathrm{Y}_{B}})$ (17)
, $\gamma_{1}’$. SGS . $Da\overline{\mathrm{r}_{A}\Gamma_{B}}$
SGS $(\sqrt.\cdot=0)$ .
$Da\overline{\Gamma_{A}\Gamma_{B}}=Da\overline{\Gamma_{A}}\overline{\Gamma_{B}}$ (18)
, $(\overline{\gamma^{\prime 2}|.}=0)$ ,
$(\overline{\sqrt{}^{2}.\cdot}\neq 0)$ , . ,
$\mathrm{r}_{A}$ SGS




$Da\overline{\mathrm{r}_{A}\mathrm{r}_{B}}$ . $P(\Gamma_{A})$ $\beta$-PDF ,
$<\mathrm{r}_{A}\mathrm{r}_{B}|\mathrm{r}_{A}>$ .









, $\overline{\Gamma_{A}},\overline{\Gamma_{B}},\overline{\Gamma_{P}},\overline{\gamma_{A}^{\prime 2}},\overline{\gamma_{P}^{\prime 2}}$ $Da\overline{\Gamma_{A}\Gamma_{B}}$
.
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(a) CASEl(Re$=20000,\mathrm{D}\mathrm{a}=1$ $62$ ) (b) CASE2(Re 20000,Da 243)
(c) CASE3(Re$=10000,\mathrm{D}\mathrm{a}=0$ $81$ )
Fig 1Comparisons of joint probability density functions of $\overline{\mathrm{r}_{A}\mathrm{r}_{B}}$ by the present model




$\overline{\Gamma_{A}\Gamma_{B}}$ DNS $\overline{\mathrm{r}_{A}\mathrm{r}_{B}}$ . ,
, (CASE2)
(CASE3) 2 DNS ,
$\overline{\mathrm{r}_{A}\mathrm{r}_{B}}$ DNS $\overline{\Gamma_{A}\Gamma_{B}}$ .
1 3 $(\mathrm{C}\mathrm{A}\mathrm{S}\mathrm{E}1\sim \mathrm{C}\mathrm{A}\mathrm{S}\mathrm{E}3)$ SGS $\overline{\Gamma_{A}\Gamma_{B}}(\overline{(\Gamma_{A}\Gamma_{B})_{m}})$
DNS $\overline{\Gamma_{A}\Gamma_{B}}(\overline{(\Gamma_{A}\Gamma_{B})_{e}})$ .
, SGS , (16) .
$\overline{\gamma_{i}^{2}}\approx c_{f}’\overline{\gamma_{i}^{2}}=c_{f}’(\overline{\overline{\Gamma_{i}}^{2}}-\overline{\overline{\Gamma_{i}}}^{2})$ (21)
135
Fig 2Schematic of the computational region
, $d_{f}$ , CASEI DNS , $d_{f}$ 10
. , $\overline{(\Gamma_{A}\Gamma_{B})_{m}}$ $\overline{(\Gamma_{A}\Gamma_{B})_{e}}$
. , SGS
. , SGS .
5 Large-Eddy Simulation
, Komori 7,8) LES
.
2 . $520\cross 80\cross 80\mathrm{m}\mathrm{m}$ ,
, $0.02\mathrm{m}(=\mathrm{M})$
( $\mathrm{M}=0.02\mathrm{m}$ ) . ,
, $0.002\mathrm{m}$ .
LES , , N-S
, (1) $\sim(3)$ .
, HSMAC . (2) (3) SGS SGS
Dynamic SGS $2\sim 4$) . ,
, Runge–Kutta .
$x$ , $y$ $z$ , $(x=y=z=0)$
. , $-1\leq x/M\leq 25,$ $-2\leq y/M,$ $z/M\leq 2$
. ,
$x$ 280, $y$ 80 $z$ 80 . ,
$(U=1, V=W=0)$ , slip wall , $\mathrm{n}\mathrm{e}\succ \mathrm{s}\mathrm{l}\mathrm{i}\mathrm{p}$ ,
.
(CH3COOH: A) ($\mathrm{N}\mathrm{H}_{4}\mathrm{O}\mathrm{H}$ :
B) ( $10\mathrm{m}\mathrm{o}1/\mathrm{m}^{3}$ )
$\mathrm{C}\mathrm{H}_{3}\mathrm{C}\mathrm{O}\mathrm{O}\mathrm{H}+\mathrm{N}\mathrm{H}_{4}\mathrm{O}\mathrm{H}arrow \mathrm{C}\mathrm{H}_{3}\mathrm{C}\mathrm{O}\mathrm{O}\mathrm{N}\mathrm{H}_{3}+\mathrm{H}_{2}\mathrm{O}$ (22)
. $k\approx 10^{8}\mathrm{m}^{3}/(\mathrm{m}\mathrm{o}1\mathrm{s})$ , $Da(=kMC_{A0}/U_{ave})$
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Fig.3 Streamwise distributions of the mean
concentration of chemical product P.
Symbols denote the measurements and
the lines are the results of the LES
based on the primitive model: $\mathrm{O},$ $-$ ,
rapid reaction; $\square ,$ $–$ , moderately fast
Fig 4Streamwise distributions of the mean
concentration of chemical product P.
Symbols denote the measurements and
the lines are the results of the LES by




, (NaOH: A) \yen
(HC00CH3: B)( $100\mathrm{m}\mathrm{o}1/\mathrm{m}^{3}$ )
$\mathrm{N}\mathrm{a}\mathrm{O}\mathrm{H}+\mathrm{H}\mathrm{C}\mathrm{O}\mathrm{O}\mathrm{C}\mathrm{H}_{3}arrow \mathrm{C}\mathrm{H}_{3}\mathrm{O}\mathrm{H}+\mathrm{H}\mathrm{C}\mathrm{O}\mathrm{O}\mathrm{N}\mathrm{a}$ (23)
. $k\approx 0.02\mathrm{m}^{3}/(\mathrm{m}\mathrm{o}1\mathrm{s})$ , Da 0.16
.




, 3 SGS ( (10)\sim
(12) $\zeta=\overline{\zeta}$ , (18) $)$ $P$
. ( :LES, O : ) $(\mathrm{x}/\mathrm{M}=0)$
, 2
. , ( :LES, : )
, . , SGS
LES .









Fig.5 Streamwise distributions of the mean squared concentration fluctuations of
chemical species Ain areacting flow with arapid reaction: $\mathrm{O}$ , EXP; –, by
the conventional $\mathrm{L}\mathrm{E}\mathrm{S};-$, by the corrected LES with the SGS variance.
(19)\sim (21) $)$ $P$ . ,





, LES ( ) (O )
. LES ( $2\mathrm{m}\mathrm{m}$)




$d_{f}=5.0$ , LES ( ) $(\mathrm{O}$

















(2) , LES $\gamma_{A}^{2}>$
. , LES SGS $\gamma_{A}’$ V‘ .
, SGS ( (24)) 1 [
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